Three kinds of epithelial cells comprise the surfaces of the gill filaments and lamellae of larval lampreys (ammocoetes): ammocoete mitochondria-rich cells (AMRCs), intercalated mitochondria-rich cells (IMRCs) and pavement cells. Selected characteristics of these cell types in ammocoetes of Geotria australis held in distilled water and in 10% sea water were compared using an ultrastructural stereological approach to determine which of those cell type(s) respond to exposure to an ion-deficient environment in a manner that indicates that they are involved in ion uptake. Particular focus was placed on the enigmatic AMRC, which comprises ca 60% of the cells and contains numerous mitochondria. The mean percentage contributions of both AMRCs and pavement cells to the total number of the three cell types in the two experimental groups were not significantly different, whereas that of IMRCs was >7% in distilled water and <1% in 10% sea water (P < 0.001). Furthermore, the mean apical surface areas of neither AMRCs nor pavement cells differed significantly between the two experimental groups, whereas that of IMRCs was nearly 3-fold greater in distilled water than in 10% sea water. The volume densities and size of mitochondria in AMRCs did not differ between the two exposure regimes. The above comparisons provide no indications that the uptake of Na + and Cl − in the gill epithelium of ammocoetes involves either the AMRC or pavement cell but, when considered in conjunction with data on ion-transporting cells in other vertebrates, they are consistent with the conclusion that the IMRC plays a crucial role in this process.
Introduction
Lampreys (Petromyzontiformes), together with the hagfishes (Myxiniformes), are the sole survivors of the early agnathan (jawless) stage in vertebrate evolution [1] . All species of lampreys have a protracted freshwater larval phase that culminates in a radical metamorphosis [2] . Some of these species then migrate to the sea, where they feed predominantly on teleost fish, before returning to fresh water to breed and thereby complete their anadromous migration [3] .
In contrast to fully metamorphosed individuals of the anadromous species of lampreys, which can be readily acclimated to full-strength sea water [4] [5] [6] [7] , the larvae (ammocoetes) of the lamprey Petromyzon marinus, whose serum osmolarity is ∼225 mosmol l −1 , are unable to osmoregulate in hypertonic environments [7, 8] . They thus die when exposed to osmolarities >350 mosmol l −1 , a value that corresponds to approximately one-third of full-strength sea water [9] . This is consistent with the fact that ammocoetes of P. marinus can survive direct transfer to a salinity of 10‰ but not 20‰ [7] .
As in teleost fishes, the gills of lampreys are the main extrarenal organs of ionic regulation and osmoregulation [10, 11] . The surfaces of the gill filaments and lamellae of ammocoetes comprise three types of epithelial cells, namely the pavement cells and two types of mitochondria-rich (MR) cells [12] (see Figs. 1 and 2). One of the MR cell types resembles, both ultrastructurally and through its possession of carbonic anhydrase and vacuolar (V)-type H + ATPase, the intercalated MR cell (IMRC) that is found in other ion-transporting epithelia, such as the toad and turtle urinary bladders, renal collecting duct and amphibian epidermis. In those ion-transporting epithelia, the IMRC actively secretes protons and plays a role in acidbase regulation and/or ion uptake [7, [11] [12] [13] . The other type of MR cell in the ammocoete gill, the mitochondria of which are characterized by a distinct electron-dense matrix, has no morphological counterpart in the ion-transporting epithelia of other vertebrates. Since it disappears during metamorphosis and does not reappear during any subsequent stage in adult life [12, 14] , it was consequently termed the ammocoete mitochondria-rich cell (AMRC) [12] .
This cell type corresponds to the MR cell of Morris and Pickering [15] , the MR platelet cell of Youson and Freeman [16] and the ion-uptake cell of Mallatt and Ridgway [17] . Because this cell type is by far the most abundant in the ammocoete gill epithelium and because its large number of mitochondria could provide the energy for the active transport of ions, the above-mentioned authors [15] [16] [17] concluded that it is responsible for the uptake of Na + and Cl − from the hypotonic environment in which larval lampreys live.
Although the post-metamorphic freshwater stages of anadromous lampreys are faced, during both their downstream and upstream migrations, with the same osmotic problems as their ammocoetes, they do not likewise possess a cell type with the ultrastructural characteristics of the AMRC. Such migrating lampreys possess only the IMRCs and pavement cells in their gill
epithelium and yet osmoregulate effectively in fresh water [11, 12] . It has thus been argued that, in upstream-migrating lampreys, the IMRC and/or pavement cell must be responsible for ion uptake and that, in larval lampreys, the AMRC may not be involved in taking up Na + and Cl − from the environment [11, 12] .
Previous studies have shown that the stimulation of ion-transport processes in various epithelia is accompanied by quantitative changes in some of their morphological characteristics, including, for example, the frequency of certain cell types, the density of the apical surface area and the volume density of mitochondria [18] [19] [20] [21] . The present study explores whether comparable changes occur in the gill epithelium of ammocoetes when ionuptake mechanisms are stimulated, placing particular emphasis on the response of the enigmatic AMRC. For this purpose, an ultrastructural stereological approach was used to compare the characteristics of the gill epithelial cells of ammocoetes in distilled water with those of ammocoetes held in 10% sea water. The latter environment has a higher osmolarity than fresh water but, at ca 100 osmol l −1 , is closer to the osmolarity of the amocoete serum. It was readily tolerated by ammocoetes and the osmotic gradient between it and the blood was reduced to the point that the uptake of Na + and Cl − was expected to be limited.
Materials and Methods
Ammocoetes of Geotria australis were caught in southwestern Australian rivers and transported in river water to the laboratory, where they were kept unfed at least for 1 week before and during the experiment in aerated aquaria containing a natural substrate into which they readily burrowed. The aquaria were located in a constant-temperature room maintained at 18 ± 1°C. One group of four ammocoetes was later transferred to an aquarium containing distilled water, while another group of four was placed in an aquarium containing 10% sea water and could thus serve as a 'control', as they were exposed to limited ionic or hypoosmotic stress. Both aquaria possessed a clean sand substrate, with water aerated and filtered, and were kept at 18°C as stated above. After 14 days, the ammocoetes were anaesthetized with 0.01% benzocaine and decapitated. 
Stereology
The following parameters were determined in at least five tissue blocks of the gills obtained from each of the four ammocoetes maintained in distilled water and in 10% sea water: (i) the frequency of occurrence of the three cell types (AMRC, IMRC and pavement cell) at the surface of the gill lamellae and filaments, (ii) the density of the apical surface, i.e. surface of the apical membrane related to a unit volume, and the mean apical surface area per unit cell volume in the AMRC, IMRC and pavement cell and (iii) the volume density and outer surface/volume ratio of mitochondria in the AMRC. In addition, the mean volume weighted volume of mitochondria in AMRC and the volume density (V V ) of the AMRC related to a defined reference space independent from the cell size were determined to exclude cellular and mitochondrial swelling, respectively [22] [23] [24] . Since these two parameters did not differ between the two experimental groups (P > 0.05), it was concluded that the experimental design induced neither cellular nor mitochondrial swelling.
The frequency of occurrence was determined by examining 298, 396, 398 and 646 cells The test fields were selected using the 'systematic quadrats subsampling' method, which combines a random start outside the section (e.g. in the upper-right corner) and a subsequent systematic, meandering investigation of the section in fixed distances in the x-and ydirections [25] . Because this enables the test fields to be randomly distributed and all regions of the section to be examined, all areas of the section have the same opportunity to be evaluated [26] . Up to 70 test fields in each section were examined.
The electron microscopic image was transferred to a computer screen using a CCD camera. A rectangular test field frame (23.15 × 15.25 cm), which defined the area to be analysed, was placed on the screen. The cells at the surface of the gill filaments and lamellae were identified as either an AMRC, IMRC or pavement cell using cytological criteria [11] . The number of each cell type within or cut by the upper or left side of the frame was recorded and expressed as a percentage of the total number of cells counted.
The surface densities and volume densities were determined by point and intersection
counting [26] , using a point raster with arched test lines (cycloids) placed on the computer screen to guarantee intersections with the surface independent of the direction of sectioning.
The two extreme points of each test line served as test points. The number of test lines and test points were 18 and 36, respectively. The surface densities (S V ), the volume densities (V V ) and the volume to surface ratio (V S ratio) were evaluated using the following formulae The Mann-Whitney-Wilcoxon rank sum test was used to test for differences (P < 0.05)
between the values for each of the characters recorded for the two experimental groups.
Results and discussion
In ammocoetes held in 10% sea water, the three cell types at the gill surface were distributed in the same manner as those in ammocoetes maintained in river water [12] . Thus, the AMRCs and pavement cells were arranged in large groups; the AMRCs covered most of the lamellar surface (except the tips) and were also located on the filaments in the regions between the lamellae and at the bases of the filaments, while the pavement cells lied at the tips of the lamellae. IMRCs were rare and singly intercalated between the AMRCs (Figs. 1 and 2) .
Qualitatively, the ultrastructure of the AMRCs and pavement cells of ammocoetes maintained in distilled water was indistinguishable from that of the same cell types in animals held in 10% sea water (Fig. 2) . The IMRC of ammocoetes held in 10% sea water possessed a relatively smooth surface with few microplicae (Fig. 1a and c) . However, when ammocoetes were kept in distilled water, their IMRCs became enlarged at their apical surfaces through the production of long, slender microplicae ( Fig. 1b and d) . Under both conditions, IMRCs contained membranous tubulovesicles in the apical cytoplasm and between the mitochondria.
These tubulovesicles appeared more abundant in cells of ammocoetes in 10% sea water than in distilled water ( Fig. 1c and d) .
Irrespective of whether ammocoetes were held in 10% sea water or distilled water, the percentage contributions made by the number of the three cell types to the total number of cells in the upper layer of the gill epithelium followed the same sequence, i.e. the AMRC was more abundant than the pavement cell, which was more abundant than the IMRC (Fig. 3) .
The ranges in the percentage contributions of AMRCs in 10% sea water (56-75%) and distilled water (52-61%) overlapped and the corresponding means of 65.2 and 58.0%, respectively, were not significantly different (P> 0.05). The mean percentage contributions of the pavement cells in 10% sea water (34.0%) and distilled water (34.5%) were virtually identical (P > 0.05; Fig. 3 ). In contrast to the situation with the AMRC and pavement cell, the range in percentage contributions made by the IMRC to the number of cells in the surface layer of the gill epithelium in the 10% sea water group (0-1%) did not overlap that for the distilled water group (5-10%) and the respective means of 0.8 and 7.5% were thus significantly different (P < 0.001; Fig. 3 ).
The mean apical surface densities of the AMRCs of ammocoetes held in 10% sea water ).
Given that stimulating ion transport leads to an increase in the frequency of the iontransporting cells and/or their apical surface density (see the 'Introduction' section), the lack of differences between these two parameter in AMRCs (and pavement cells) of ammocoetes held in distilled water and 10% sea water, as determined in the present study, suggests that neither the AMRC nor the pavement cell plays a significant role in ion uptake in larval lampreys. This conclusion is supported by a recent immunohistochemical study on the ammocoete gill epithelium, which used an antiserum for labelling carbonic anhydrase IIb [7] .
That study failed to detect carbonic anhydrase immunoreactivity in AMRCs and thus did not confirm the results of an earlier histochemical study by Conley and Mallatt [27] . Since Na + and Cl − are taken up in exchange for H + or HCO 3 − , respectively [28, 29] , which are generated by the activity of carbonic anhydrase, the absence of this enzyme in AMRCs [7] implies that these cells do not contain a basic requirement for the uptake of Na + and Cl − and thus cannot be involved in this process.
In contrast to the situation with the AMRCs (and pavement cells), the frequency and the apical surface density of IMRCs were significantly greater in the distilled water group than in the 10% sea water group. Our results are consistent with the view that the IMRCs play a central role in the uptake of ions from the hypotonic riverine environment in which larval lampreys live [11] . This conclusion is also consistent with the recent demonstration that Vtype H + -ATPase and carbonic anhydrase are present in IMRCs [7] . On the basis of their ultrastructure and the presence of H + -ATPase and carbonic anhydrase, the lamprey IMRC is a type of epithelial cell that also occurs, for example, in the amphibian epidermis, the toad and turtle urinary bladders and renal collecting duct [7, 11, 13, 30, 31] . This cell type comprises three subtypes: one (A) containing the H + -ATPase in its apical membrane and an HCO 3 − /Cl − exchanger in its basolateral membrane, another (B) exhibiting the opposite locations of the H + pump and the anion exchanger and a third (C) in which the H + pump and the anion exchanger are both located in the apical membrane [32] [33] [34] . Whereas the subtypes A and B are involved in acid-base regulation, secreting H + or HCO 3 − , respectively, the subtype C has been held responsible for the uptake of Cl − [32] [33] [34] . In the epithelium of the turtle bladder, the apical surface area of subtype A cells becomes enlarged under acidotic conditions through exocytosis of cytoplasmic membranous tubules and vesicles containing the H + -ATPase [19, 35] . The almost 3-fold amplification of the apical membrane of the IMRCs of ammocoetes in an ion-deficient environment thus suggests that this cell type is stimulated to actively secrete H + under these conditions. We have previously suggested that the IMRCs in the ammocoete gills belong to the subtype A or C [11] , which cannot be distinguished in the presence of H-ATPase and rod-shaped particles in their apical membrane alone. The view that many of the IMRCs in the ammocoete gill epithelium belong to the subtype C is supported by the observation of Reis-Santos and co-workers [7] that many of these cells show a strong cytoplasmic immunoreactivity for H + -ATPase, which is typical for this subtype [13, 34] . Thus, an active H + secretion through the subtype A and C cells would not only provide the driving force for the uptake of Na + but also favour the uptake of Cl − through subtype C cells as the actively secreted H + can bind to the HCO 3 − as it leaves the cell through the apical membrane and thereby establish an HCO 3 − gradient across this membrane which would drive the uptake of Cl − [13] .
Although the above data do not support the view that the AMRCs are involved in ion uptake in ammocoetes, these cells must have some important function given that they constitute ∼60% of the cells at the gill surface and that mitochondria make up ∼30% of their cell volume [36] . The possibility thus remains that the AMRCs may still be involved in the uptake of Na + through an epithelial Na + channel (ENaC) that is energized by the Na + /K + -ATPase present in their basolateral membrane as discussed by Reis-Santos et al. [7] . Thus, one might propose that AMRCs are present in such excessive numbers that there is a reserve of these cells, still taking up sufficient Na + from an ion-deficient environment to compensate passive and renal losses that they do not need increase in number. Still, any stimulation of Na + uptake mechanisms through the AMRC would be expected to be reflected by an increase in energy consumption [37] . Therefore, to test whether oxygen consumption is increased in AMRCs, when ammocoetes are exposed to an ion-deficient environment, we explored whether the mitochondrial mean volume weighted volume, volume density and/or outer surface/volume ratio of the AMRC in ammocoetes in distilled water were significantly greater than those in 10% sea water. The appropriateness of such an approach is supported by the finding that prolonged stimulation of Na + uptake in the mammalian renal distal tubule results in an increase in mitochondrial volume density [18, 20] .
The mean volume density of the mitochondria in the AMRC in the distilled water group, i.e. ), mitochondrial size was also not influenced by experimental procedure. These results also indicate that no mitochondrial swelling was induced by the experimental procedure [23] .
The above data suggest that energy consumption by the AMRC does not increase when ammocoetes are exposed to an ion-deficient environment. They are thus consistent with the results involving measurements of the frequency of occurrence and the density of the apical surface area of AMRC (and pavement cell) in that they also provide no direct evidence that the AMRC (and pavement cell) is involved in ion uptake by ammocoetes. Yet, the high prevalence and large mitochondrial component of the AMRC implies that this cell type plays an important role in some aspect(s) of the larval phase in the lamprey life cycle. It is conceivable that the recently described high residual activity of an ouabain-resistant ATPase in ammocoete gill homogenates, which is neither an Na + /K + -ATPase nor an H + -ATPase [7] , is localized in the AMRCs and could thus account for their high energy demand. It might therefore be relevant that, whereas larval lampreys feed on plant material and possess AMRCs, upstream-migrating lampreys neither feed nor possess AMRCs, but are able to osmoregulate very effectively in a hypotonic environment. This led us to suggest that the AMRC might be involved in the excretion of waste products produced by ammocoetes from their food [11, 12] . Thus, a candidate for the so-far unidentified ATPase could be a multidrug resistance (MDR) transporter or a transporter related to MDR proteins (MRP), both of which belong to the family of ABC-transporters and are capable of an ATP-dependant secretion of organic compounds [38] . Further studies are needed to investigate whether these transporters are present particularly in the AMRC of the ammocoete gill epithelium, and whether the morphological and biochemical characteristics of the AMRC are influenced by diet.
Concluding remarks
The data in the present study are consistent with our hypothesis that the AMRC, which is by far the most abundant cell type in the gill epithelium of ammocoetes, has a function other than ion uptake [11] . This conclusion contrasts with that proposed by a number of authors for this mitochondria-rich cell [15] [16] [17] . Although our data also provided no support for an involvement of the pavement cell in ion uptake by larval lampreys, they provide further indications that the IMRC plays a major role in this process [11] .
Funding
Financial support was provided by the Australian Research Grants Committee.
